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Introduction
Hypocitraturia is a risk factor for nephrolithiasis, since citrate is a potent inhibitor of the crystallization of stone forming salts [1] and has been associated with low bone density [2] . Once filtered, citrate is reabsorbed in the proximal tubule, so that only 10-35% of filtered citrate is excreted [3] . The urinary excretion rate of citrate is extremely sensitive to the acid-base balance [3] . Hypocitraturia is always present in patients with overt metabolic acidosis but can also reveal subtle defects in urinary acidification [3, 4] . These defects may be insufficient to cause an overt acidosis when the subject is in the steady state but may induce an acid-base imbalance that modifies citrate metabolism [5] . Whether hypocitraturia is a marker of a subtle defect in urinary acidification has never been established [6] . Distal renal tubular acidosis (dRTA) may result from either hereditary or acquired diseases. Inactivating mutations in the SLC4A1 gene encoding the chloride bicarbonate exchanger AE1 are the main causes of autosomal dominant dRTA [7] . Loss of function mutations in ATP6V1B1 and ATP6V0A4, genes encoding the B1 and a4 subunits of the apical H + -ATPase, are responsible for autosomal recessive dRTA, often associated with sensorineural deafness [6] . Acquired dRTA frequently develops as a consequence of Gougerot-Sjögren syndrome [8] and other autoimmune diseases [9, 10] . Very few studies have evaluated the utility of screening for a urinary acidification defects in non-acidotic patients with concomitant hypocitraturia, recurrent nephrolithiasis [11, 12] , and/or bone demineralization [13, 14] . In the present study, we retrospectively analyzed data from patients with low citrate excretion and nephrolithiasis, nephrocalcinosis, and/or bone demineralization. We compared the clinical and biological characteristics of patients with overt acidosis to those of patients with normal acid-base status and here report results of acute acid load, genetic and immunological tests in hypocitraturic patients without overt acidosis. We develop hypotheses about the pathophysiological mechanisms underlying the subtle acidification defects that do not lead to overt acidosis.
Materials and methods Patients
This study was conducted in accordance with the Declaration of Helsinki and approved by the French national regulatory board (CNIL, 915528 and 1922081) . According to the French national regulatory board, all patients were informed before any exploration that their data could be used anonymously for clinical research. Given that the study was observational and only implied current care, they only had to give their oral informed consent. However, all patients gave written informed consent for biobanking (DC2009950) and, if required, specific written consent for genetic testing. The written consents for biobanking and genetic testing were recorded in the patient's chart stored in our department and a copy was given to the patient Patients were referred to our unit for the assessment of mineral disorders: recurrent kidney stones, nephrocalcinosis, and/or bone demineralization. Urinary citrate excretion is routinely measured in these patients.
In our retrospective analysis we included patients with low citrate excretion (<1.67 mmol/ 24-h), defining hypocitraturia [15] , having undergone a renal acidification capacity test. Subjects with urinary bacterial contamination (!10 5 colonies/mL) or incomplete 24-hour urinary collection [16] were not included in the study because of the risk of falsely low urinary citrate excretion. We deliberately included patients with hypokaliemia, a confounding factor of hypocitraturia [3] , since it is also a frequent finding in dRTA. 
Functional tests
The tests and analytical methods are fully described in the supplementary material (S1 File). Bicarbonate loading test. Urine and venous blood samples were collected for measurement of pH and pCO 2 at baseline and at hourly intervals for 4 hours during IV infusion of 1.4% sodium bicarbonate [17] . Maximal transport of HCO 3 -should be >22 mmol/L of glomerular filtration rate (GFR) and, in the absence of urinary concentration defects, the urineto-blood PCO 2 difference should increase >20 mmHg during infusion [19] . Furosemide/fludrocortisone test. After plasma and urine sampling, 40 mg furosemide and 1 mg fludrocortisone were orally administered. Normal response is a decrease in urinary pH<5.3 at least once within 6 hours [18] .
Acute acid loading test. Oral administration of 2 mmol/kg body weight ammonium chloride (NH 4 Cl) was performed after baseline plasma and urine sampling. Normal response is a decrease in urine pH<5.3 at least once and an increase in urinary NH 4 + excretion !33 μEq/ min. at least once within 6 hours [4] . We used both criteria to classify patients within four patterns of urinary acidification response: subjects able to acidify urine to a pH<5.3 and to increase urinary NH 4 + -excretion rate !33 μEq/min. ("idiopathic hypocitraturia"); patients unable to decrease urine pH but able to increase NH 4 + ("high U.pH, high U.NH 4 "); patients able to acidify urine but unable to increase NH 4 + ("low U.pH, low U.NH 4 "); patients unable to reduce the urine pH and to increase NH 4 + ("high U.pH, low U.NH 4 ").
Analytical methods. The pH and pCO 2 in plasma and urine were measured using an automated pH and gas analyzer (ABL 555330 then 705; Radiometer, Copenhagen, Denmark). Plasma and urine HCO 3 -concentration were calculated using the Henderson-Hasselbalch equation, with an α of 0.03, as follows: pH = 6.1 + log (total CO 2 αPCO 2 ); HCO 3 -= total CO 2 -
Urine concentrations of NH 4 + and TA were measured by titration [20, 21] . Calculation of net acid excretion (NAE) employed the standard formula [22] : NAE = NH 4 + + TA−HCO 3 -. Percentage of acid load excreted was defined as the ratio of the total NAE after NH 4 Cl administration, divided by total NH 4 Cl load.
Etiological screening
Genetic testing for SLC4A1 mutation and missense polymorphism (p.Glu161Lys) of the ATP6V1B1 gene was systematically proposed to patients with overt acidosis without evidence of an autoimmune disease and in patients with normal acid-base status if urinary pH remained >5.3 after acid load. Genetic testing for other mutations in ATP6V1B1 and ATP6V0A4 genes was performed only in patients with overt acidosis after exclusion of mutations in SLC4A1 [23] . Sequencing methods are detailed in supplementary material (S1 File). If past or current clinical signs suggested an autoimmune disease, a biological screening including serum electrophoresis and antinuclear antibodies was performed. Sjogren's syndrome was defined according to the American-European-Consensus-Group (AECG) criteria [24] .
Statistics
Statistical analyses were performed using STATA 12.0 (StataCorp) and R 3. 
Results

Study population
From 2000 to 2015, 67 patients meeting the inclusion criteria were investigated.
Patients were first grouped based on the presence (N = 11, 16.4%) or the absence (N = 56, 83.6%) of an overt metabolic acidosis at baseline. In all the patients with overt metabolic acidosis, dRTA was confirmed using a bicarbonate-loading test (N = 5) or a furosemide/fludrocortisone test (N = 6).
When compared with patients without overt metabolic acidosis (Table 1 ,column 2), patients with overt metabolic acidosis ( Table 1 ,column 1) were more frequently of female gender and more frequently had a nephrocalcinosis.
Patients with overt metabolic acidosis ( Table 2 ,column 1) had significantly lower plasma potassium levels, significantly higher fasting urinary pH and lower 24-h urinary citrate excretion than patients without overt metabolic acidosis ( Table 2 ,column 2).
Supplemental biological results are reported in we observed three subtypes of atypical responses to the acid load test. Eleven patients failed to decrease urinary pH but increased urinary NH 4 + to normal levels (the "high U.pH, high U.
NH 4 " group). Four patients failed to decrease urinary pH and to increase urinary NH 4 + (the "high U.pH, low U.NH 4 " group). Finally, 8 patients had appropriate decreases in urinary pH but insufficient increase in urinary NH 4 + excretion rate (the "low U.pH, low U.NH 4 " group). Table 3 shows the baseline characteristics and Table 4 the responses to acute acid load of patients with normal baseline HCO 3 -. Significant differences between groups were found in age (higher in "low U.pH, low U.NH 4 "), fasting urinary calcium excretion and 24-hour calcium excretion (higher in "high U.pH, high U.NH 4 "), plasma potassium values (higher in the 2 "low U.NH 4 " subgroups), in eGFR and 24-hour citrate excretion (lower in the 2 "low U.NH 4 " subgroups) and urinary morning pH (lower in "low U.pH, low U.NH 4 "). Importantly, urinary calcium excretion was higher in the "high U.pH, high U.NH 4 " group despite similar natriuresis between groups (Table B of the S1 File).
Supplemental biological results are reported in Table B of the S1 File. Of note, urinary citrate excretion overlapped between patients with and without a normal response to the acid load, not allowing defining a threshold to predict the response.
Only one of the 33 patients classified into the idiopathic hypocitraturia group had an eGFR <60 mL/min/1.73 m 2 , compared to 7/23 patients with abnormal response to the acid load (P = 0.004), allocated in the "high U.pH, high U.NH 4 " (N = 1), in the "high U.pH, low U.NH 4 " (N = 3) and in the "low U.pH, low U.NH 4 " (N = 3) subgroups.
In multivariate logistic regression including age and protein intake, a normal response ("idiopathic hypocitraturia") to the acid load was independently associated with higher eGFR (P = 0.01) and higher urinary citrate excretion (P = 0.04) but no with other characteristics. All groups compounded, the capacity to eliminate the exogenous acid decreased linearly with declining eGFR, both when considering the maximal attained NH 4 + -excretion rate (r = 0.484, P<0.001) and the ratio of the net acid excretion (NAE) divided by NH 4 Cl load (r = 0.507,
P<0.001).
To assess interstitial NH 4 + availability, we plotted all NH 4 + -excretion results measured during the test as a function of urinary pH (Fig 2) . The downward shift of the relationship suggests a decreased interstitial availability in NH 3 in these patients. When compared to the idiopathic hypocitraturia subgroup, patients with reduced buffer availability had lower NH 4 + values for similar urinary pH values.
Acidification capacity and related causative diseases
Four out of 11 patients with overt metabolic acidosis (36.4%) had dRTA caused by a Gougerot-Sjögren syndrome. Genetic testing was performed in the seven remaining patients: three patients (42.9%) were heterozygous for the Arg589Cys mutation in the gene encoding AE1 [25] . None of the remaining four patients had mutations in ATP6V0A4 or ATP6V1B1 genes or the missense polymorphism (p.Glu161Lys) of the ATP6V1B1 gene [26] and no cause of dRTA was found in these patients. Six subjects (10.7%) with normal baseline HCO 3 -had an autoimmune disease (Fig 3) .
Genetic testing was accepted by 10/11 patients (90.9%) with a normal acid-base status who were unable to decrease the urinary pH<5.3 and without autoimmune disease. These patients had neither mutations in SLC4A1 (Fig 3) nor the previously described ATP6V1B1 polymorphism [26] . 
Discussion
In our investigations of patients with hypocitraturia, underlying conditions were overt dRTA (16.4%), idiopathic hypocitraturia (49.3%), and subtle abnormalities in response to acid load (34.3%). The latter group was subdivided on the bases of urinary pH and NH 4 + -excretion in response to an acute acid load.
In patients with overt dRTA, etiologic screening was profitable, with a genetic cause being identified in 42.9% of cases (N = 3) without autoimmune disease (N = 7), all having the same missense mutation in Arg589 of the SLC4A1 gene, common in Europe [6, 25] . Four were diagnosed with Gougerot-Sjögren syndrome. In the remaining 4 cases, no genetic/autoimmune cause was found. We cannot exclude that they will manifest in the future an autoimmune disease or that they have a predisposing genetic mutation, not yet identified.
Patients with normal baseline acid-base status were challenged with acute acid load test. Urine pH may be misleading when trying to assess the integrity of the distal urinary acidification, since it measures only the activity of free hydrogens ions, which is less than 1% of the total amount of protons excreted. In the presence of a high amount of buffer in the urine, as observed in patients with chronic extrarenal acidosis, urinary pH may remain >5.3 despite appropriate acid excretion. Conversely, in the presence of low buffer availability, an apparent appropriate low urine pH does not exclude a defect in net acid excretion [27] . We thus took both parameters into account.
Of patients with normal acid-base status under basal conditions, 58.9% had idiopathic hypocitraturia (normal evolution of urinary pH and NH 4 + after acute acid load). Excepted for low urinary citrate excretion, the biological profiles of these patients were within the normal Wrong [4] described the cases of three patients with nephrocalcinosis, who were unable to decrease their urinary pH after an acute acid challenge. Some of these patients displayed an appropriate response in terms of NH 4 + and NAE, suggesting that NH 3 /NH 4 + accumulates in the renal interstitium. In line with this, 11/56 patients (19.6%) in our study with normal basal acid-base status failed to appropriately acidify their urine after the acute acid load, although they did show an appropriate increase in urinary NH 4 + . The relevance of this defect that does not impair NAE is questionable. This abnormality could reflect increased ammoniogenesis due either to a primary event in proximal tubule [4, 28] or to subtle extrarenal bicarbonate loss/acid load that may chronically stimulate ammoniogenesis, and explain the low urinary citrate excretion. Whatever the underlying mechanism, it has been proposed that the resulting accumulation in medullary interstitium of NH 3 /NH 4 + might be deleterious for the kidney [28, 29] . These patients had however conserved eGFR and showed no increase in 24-hour urinary NH 4 + -excretion, suggesting no extrarenal acidosis. Interestingly, this group had a higher 24-hour urinary calcium excretion than all other subgroups, as well as a higher urinary fasting calcium/creatinine ratio (median of 0.41 mmol/mmol for a upper limit of 0.37 mmol/mmol), reflecting higher net bone resorption (fasting calcium/creatinine ratio is measured after 12-hours fasting; the calcium measured with this test comes mainly from bone and reflects net bone resorption, i.e. the difference between the rates of mineralization and resorption). These findings suggest that this form of urinary acidification dysregulation may have deleterious repercussions on bone and kidney. Of note, higher urinary calcium excretion in this group was not due to higher sodium intake since 24-hour natriuresis was similar in all groups. Even if these patients are not considered to have abnormal adaptation to acid load, since they were able to adapt their acid rate excretion, it is worthy of further investigation to determine whether these patients have extrarenal disease or primary proximal tubular defects. Due to the deleterious effect of NH 3 /NH 4 + on kidney interstitium [28] , this early presentation with "high U.pH, high U.NH 4 " could switch to a later presentation with lower GFR and lower availability in interstitial NH 3 /NH 4 + , such as observed in the "low U.pH, low U.NH 4 " group and illustrated by the relationship between pH and NH 4 + excretion.
When challenged with the acid load, 8/56 patients (14.3%) were able to adapt their urinary pH but not their NH 4 + excretion rate. These patients are systematically missed when considering only the urinary pH response to the acid load. A low NH 4 + excretion may be due to a blunted ammoniogenesis in the proximal tubule by the metabolism of glutamine or to a NH 3 transfer defect through the renal interstitium to the collecting duct lumen, the latter being explained for example by an interstitial disease (impaired countercurrent system) or by hyperkalemia [27] . None of our patients presented with hyperkalemia, but patients of this subgroup were older and their eGFRs were lower (more than expected considering physiologic loss of GFR with aging) than in patients with idiopathic hypocitraturia. The capacity of these patients to eliminate the acid load was almost halved when compared to patients with normal renal acid handling. Finally, 4/56 patients (7.2%) were unable to adapt both their urinary pH and NH 4 + -excretion rate to the acid load, defining a renal acidification defect usually referred as incomplete dRTA.
Regarding the etiologic screening of patients with a masked urinary acidification defect, the prevalence of an autoimmune disorder was 17% (vs. 36% in the overt dRTA group) and included several types of autoimmune disease. We suggest screening for symptoms indicative of a systemic immunologic disease, based on previous demonstrations of the relationships of several autoimmune diseases with acquired urinary acidification defects [9, 10] . Some case series demonstrated dominant SLC4A1 mutations in patients with a masked acidification defect [25, 30] or the presence of the missense polymorphism (p.Glu161Lys) of the ATP6V1B1 gene [26] . In our series, neither mutations in the SLC4A1 gene nor this polymorphism were detected in hypocitraturic patients with normal basal acid-base status and altered urinary acidification capacity.
The main question is whether characterization of the masked urinary acidification defect would influence the management of the patients. In patients with alkaline urine and preserved ammoniogenesis, the administration of citrate is the priority, as this treatment corrects intracellular acidosis. Thiazide diuretics, used to decrease hypercalciuria, should be carefully titrated to avoid hypokalemia and aggravation of hypocitraturia [3] . Whether citrate treatment is sufficient (without the use of thiazide diuretics) to normalize fasting calciuria deserves a dedicated study. In patients with reduced availability of NH 4 + , the therapy should focus on the reason for lack of buffer (i.e., impaired ammoniogenesis or defects in ammonium transfer through the medullary interstitium) with correction of hyperkalemia if present. The therapeutic approach should induce reductions in the exogenous acid load (e.g., animal protein intake). The prescription of potassium citrate should be considered, but plasma potassium should carefully be monitored if renal function is impaired.
Our study has several limitations. Because of its retrospective design, we could not determine whether the masked phenotype (with normal baseline plasma HCO3 -) progresses to the overt metabolic acidosis phenotype or whether there is a continuum that bridges the different subgroups with subtle urinary acidification defects. Concerning the etiologic screening, biomarkers for autoimmune diseases were investigated only in presence of clinical signs. Thus, the real prevalence of an autoimmune disorder cannot be formally assessed, and a random association cannot be excluded. Screening for SLC4A1 mutations was refused by three patients with a masked urinary acidification defect; therefore, we cannot exclude the occurrence of a hereditary cause in patients presenting with normal HCO 3 -. DXA was not systematically performed. Consequently, we could not assess the impact of a latent urinary acidification defect on bone mineralization.
We did not repeat acid load in our patients since we conducted a retrospective study including all the patients explored in our department due to hypocitraturia. Of note, the acidification test takes time (usually more than 6 hours) and cannot be repeated easily. Given the complexity and the length of this exploration, this question would require a dedicated prospective study, which has never been performed before to our best knowledge. However, in healthy volunteers previously explored in our department for another work, we could check that the inter-individual variability of the response to the acidification test was very low suggesting a low intra-individual variability for a given patient.
Conclusions
In conclusion, in hypocitraturic patients with normal plasma HCO 3 -, an accurate diagnosis of a masked urinary acidification defect requires a functional acid challenge test, which should consider both urinary NH 4 + and urinary pH response. Indeed, in a significant number of patients, inappropriately high urinary pH was associated with appropriate adaptation of NH 4 + excretion. We have shown that these patients should be screened for high urinary fasting calcium excretion and should benefit from further investigation to determine whether they have extrarenal disease or primary proximal tubular defects. Conversely, we have highlighted that apparently appropriate low urinary pH could be associated with blunted adaptation in NH 4 + excretion. Even if these patients were until now theoretically not considered to have abnormal adaptation to acid load, we have shown that these patients were at risk of having low GFR.,
Consequently, the precise characterization of the biological phenotype underlying hypocitraturia is of high importance to adapt etiologic screening and therapeutic management to optimize the care of patients with nephrolithiasis.
Supporting information S1 File. Additional method's details. 
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